RNA polymerase II coordinates co-transcriptional events by recruiting distinct sets of nuclear factors to specific stages of transcription via changes of phosphorylation patterns along its C-terminal domain (CTD). Although it has become increasingly clear that proline isomerization also helps regulate CTDassociated processes, the molecular basis of its role is unknown. Here, we report the structure of the Ser(P) 5 CTD phosphatase Ssu72 in complex with substrate, revealing a remarkable CTD conformation with the Ser(P) 5 -Pro 6 motif in the cis configuration. We show that the cis-Ser(P) 5 -Pro 6 isomer is the minor population in solution and that Ess1-catalyzed cis-trans-proline isomerization facilitates rapid dephosphorylation by Ssu72, providing an explanation for recently discovered in vivo connections between these enzymes and a revised model for CTD-mediated small nuclear RNA termination. This work presents the first structural evidence of a cisproline-specific enzyme and an unexpected mechanism of isomer-based regulation of phosphorylation, with broad implications for CTD biology.
The C-terminal domain (CTD) 2 of the largest subunit of RNA polymerase II (RNAPII) consists of multiple tandem heptad repeats, with the consensus sequence Y 1 S 2 P 3 T 4 S 5 P 6 S 7 , that serve as a flexible binding platform for nuclear factors (1) . CTD-binding partners influence the initiation, elongation, and termination of transcription as well as a myriad of cotranscriptional processes (2) . The recruitment of these activities is tied to the progress of the polymerase by cyclic phosphorylation and dephosphorylation of the CTD repeats. For example, phosphorylation at the Ser 5 position (Ser(P) 5 ) predominates at the 5Ј-end of genes, attracting CTD-binding partners that influence initiation complex formation, mRNA capping, and the transition into elongation (3) . As the polymerase moves toward the 3Ј-end of genes, the level of Ser(P) 5 declines, whereas phosphorylation at Ser 2 (Ser(P) 2 ) increases, recruiting nuclear factors responsible for elongation, termination, and 3Ј-end formation (3) . The variable phosphorylation patterns within each heptad repeat, and distributions of these patterns across the full domain create a "CTD code" with a staggering potential complexity (4) .
In addition to phosphorylation, proline isomerization provides a second mechanism for regulating the association of CTD-binding partners (5) . Due to its cyclic side chain, proline can adopt both cis and trans conformations about its peptide bond, creating distinct and interconvertible backbone structures with the cis isomer being energetically disfavored and therefore less populated (6) . Each CTD heptad contains 2 proline residues, and both are preceded by serine residues that are critical targets of phosphorylation. Phosphorylation of Ser-Pro motifs in non-CTD peptides has been shown to modestly stabilize the cis form and decrease the rate of isomerization (7) . A study with a Ser(P) 2 CTD peptide reported a cis population of Ͻ30% for the Ser(P) 2 -Pro 3 motif with very slow interconversion of cis and trans isomers, on the order of s Ϫ1 (8) . Relative to the short timescale of transcriptional events, this slow intrinsic exchange presents two structurally distinct and kinetically isolated binding epitopes for each proline residue in the CTD, adding an additional layer of complexity to the CTD code (4) .
The biological importance of CTD proline isomerization is unclear, but hints have been provided by studies of the yeast peptidyl prolyl isomerase Ess1 (Pin1 in humans). Peptidyl prolyl isomerases speed the interconversion of proline isomers by several orders of magnitude to restore cis-trans equilibria at a biologically relevant timescale (6) . Regulation of the proline "conformational switch" has been proposed to give these enzymes control over the duration and amplitude of a variety of cellular processes (6) . Ess1/Pin1 specifically targets phosphorylated Ser-Pro motifs and influences transcription by RNA polymerase II, likely by regulating the phosphorylation state of the CTD (9) . Ess1/Pin1 acts on pCTD peptides in vitro, preferentially binding to the Ser(P) 5 -Pro 6 site over the Ser(P) 2 -Pro 3 site (10, 11) . Numerous genetic links between Ess1 and CTD kinases and phosphatases have been reported (5) , and abnormal levels of Pin1 activity cause the accumulation of aberrantly phosphorylated forms of the CTD (12) . This latter phenotype may be due in part to the influence of Pin1 on the activity of Ser(P) 5 CTD phosphatase Fcp1 (12) (13) (14) . Despite these intriguing findings, there is no detailed understanding of how catalyzed proline isomerization modulates the CTD phosphorylation state. * This work was supported, in whole or in part, by National Institutes of Health Grants GM079376 (to P. Z.) and GM040505 (to A. L. G. One of the enzymes linked to Ess1 activity is Ssu72, a CTD phosphatase with specificity for the Ser(P) 5 position (15) . Despite its distinct substrate, Ssu72 shares many characteristics of the low molecular weight subfamily of protein tyrosine phosphatases (LMW PTPs) including the signature catalytic motif (CX 5 R) and a similar predicted arrangement of secondary structure elements (16, 17) . Biologically, Ssu72 influences all three stages of transcription. Ssu72 interacts genetically and physically with initiation factor TFIIB (18, 19) and has been implicated in gene looping, a proposed mechanism for transcription reinitiation that tethers the promoter and terminator regions of a gene (20 -22) . During elongation, impaired Ssu72 activity leads to increased RNAPII pausing (23) . Finally, Ssu72 is a component of the cleavage and polyadenylation factor complex through its association with Pta1 and is essential for the proper termination of small nuclear RNA (snRNA) transcripts (16, 24 -27) .
Recently, two studies illuminated an in vivo connection between Ess1 and Ssu72 (28, 29) . Impairing Ess1 catalytic activity in yeast cells resulted in a temperature-sensitive phenotype and the accumulation of Ser(P) 5 CTD. Both defects were ameliorated by overexpression of Ssu72 (29) . A genomewide analysis of mRNA expression in these cells showed readthrough transcription for a set of genes, mainly snRNAs, with marked similarity to those previously identified in cells with impaired Ssu72 activity (28) . The prevailing model explains these results in the following way (28, 29) . Phosphorylation at the Ser 5 position would cause the CTD to adopt predominantly the cis form of the Ser(P) 5 -Pro 6 motif. Near the end of snRNA transcripts, dephosphorylation of Ser(P) 5 would coordinate the exchange of Nrd1 and Pcf11, two factors involved in Nrd1-dependent transcription termination. However, Ssu72 would have isomeric specificity for the less populated trans form of the Ser(P) 5 -Pro 6 motif and would require Ess1 activity to efficiently process the entire pool of available substrate. Consequently, reduced catalysis by Ess1 would lead to an increased level of Ser(P) 5 CTD, causing an improper localization of Ser(P) 5 CTD-bound Nrd1 and a concomitant blocking of Ser(P) 2 CTD-mediated Pcf11 recruitment and resulting in readthrough transcription. This model is supported by the fact that all reported enzymes that target Ser(P)-Pro motifs with isomeric specificity recognize the trans configuration. On the other hand, there is no evidence that the cis-Ser(P) 5 -Pro 6 isomer of the CTD becomes the major population upon phosphorylation (7, 8) .
To investigate the mechanism of proline isomer-based regulation of CTD phosphorylation states, we determined the structure of Ssu72 in complex with its Ser(P) 5 CTD substrate. The structure reveals an enzyme fold that contains the conserved LMW PTP scaffold and unique additions and a surprising substrate conformation with the Ser(P) 5 -Pro 6 motif of the CTD adopting the cis configuration. We show that the cis isomer is a minor population of substrate in solution and that Ess1 significantly enhances Ssu72 activity by catalyzing rate-limiting cis-trans interconversion. Together, this work presents structural and kinetic evidence for a unique cis-proline-specific enzymatic activity and a fascinating explanation for the in vivo relationship of Ess1 and Ssu72, with broad implications for the regulation of the CTD code and its role in coordinating co-transcriptional events. Crystallization and Structure Determination-The Ssu72-pCTD complex was prepared by incubating a 5:1 molar ratio of pCTD peptide (4.17 mM) to C13D/D144N dSsu72 (0.83 mM) for 30 min on ice. The complex was crystallized by hanging drop vapor diffusion; 1 l of protein sample was mixed with 1 l of 22% (w/v) PEG monomethyl ether 550, 100 mM imidazole, pH 6.5, and 150 mM DL-malic acid and suspended over a reservoir of the same solution. Equilibration at 4°C for ϳ5 days produced 50 ϫ 50 ϫ 200-m rhombic-shaped crystals, which were cryoprotected by dipping into a solution of mother liquor with 25% ethylene glycol before flash-cooling in liquid nitrogen. Methods for data collection, phasing, and model refinement are provided in the supplemental material.
EXPERIMENTAL PROCEDURES
Enzyme Kinetics-Reactions with synthetic pCTD substrate (see Fig. 4 , A-D) were followed by measuring phosphate release with a standard Malachite Green reagent (30) . For experiments with WT Ess1, 350 l-reactions were set up in 50 mM HEPES, 20% glycerol, 1 mM EDTA, 2 mM DTT buffer at pH 6.5 (kinetics buffer) with 60 M pCTD peptide and varying amounts of Ess1. After incubating for 10 -15 min, each reaction was started by the addition of 4 M WT dSsu72 (or 20 M for the faster timescale reactions in supplemental Fig. S3 ). 50-l aliquots were taken each minute and mixed with 50 l of Malachite Green reagent in a 96-well plate, which was placed in the dark for 30 min to allow for color development. Color was quantified by measuring A 630 nm with a SpectraMax microplate reader (Molecular Devices). Absorbance values were converted to phosphate content using a standard curve made with Na x PO 4 solutions of known concentrations. The same protocol was followed for experiments with Ess1 mutants, with reactions containing 1 M of each mutant. Preparation and characterization of the substrate peptide are described in the supplemental material, along with a description of kinetic assays with full-length pCTD substrate (see Fig. 4 , E and F).
RESULTS

Ssu72 Adopts the Conserved LMW PTP Fold with Unique
Additions-Previous kinetic experiments suggest that Ssu72 shares the catalytic mechanism of protein tyrosine phosphatases (17, 31), a two-step reaction that requires: 1) the CX 5 R catalytic motif with the cysteine side chain as a negatively charged thiolate group and 2) an aspartate residue on a flexible loop positioned near the active site ("the aspartate loop").
In the first step, the thiolate of the catalytic cysteine attacks the substrate phosphorous atom to generate a phosphoenzyme intermediate, and in the second step, the aspartate protonates the leaving phosphate to regenerate the enzyme. By screening orthologs, we identified dSsu72 as a highly stable and soluble enzyme with significant sequence similarity to Saccharomyces cerevisiae Ssu72 (Fig. 1A) . Mutation of both the catalytic cysteine (C13D) and the catalytic aspartate (D144N) fully abolished the activity of dSsu72, and an NMR titration of 15 N-labeled C13D/D144N dSsu72 with Ser(P) 5 CTD peptide revealed tight binding (slow exchange on the NMR timescale) and significant perturbations of residues near the active site loop and the aspartate loop (supplemental Fig.  S1 ).
To obtain a high resolution model of the Ssu72-pCTD interaction, we used x-ray crystallography to determine the structure of C13D/D144N dSsu72 in complex with a synthetic, 7-residue Ser(P) 5 CTD peptide containing the minimal binding epitope (32) with an additional residue at each end (Ac-PTpSPSYS-NH 2 , where the pS indicates Ser(P)). Phasing was carried out by molecular replacement using the apoWT dSsu72 structure deposited by the Northeast Structural Genomics Consortium (Protein Data Bank (PDB) code 3FDF), 3 and the model was refined at 2.1 Å resolution ( Table 1) .
The Ssu72 structure contains the LMW PTP fold and two sizable additions (Fig. 1 , A-C, PDB code 3P9Y). The conserved scaffold consists of a central, four-stranded, parallel ␤-sheet flanked by two ␣-helices on one side and a third ␣-helix on the other and is represented in Fig. 1 by the structure of the LMW PTP Lpt1 in complex with its substrate pnitrophenyl phosphate (33) . The first addition to the Ssu72 fold is an ϳ60-residue insertion after the second ␤-strand that forms a subdomain of two ␤-strands packed against three ␣-helices. This insert structure sits immediately adjacent to the active site loop and contributes to substrate binding (see below). The corresponding region in the LMW PTP fold contains ϳ25 residues and forms a single ␣-helix that packs against the back of the central ␤-sheet and is tethered by long loops that interact with substrate. The second addition is an ϳ30-residue C-terminal extension that forms a helix-turnstrand motif with the ␤-strand bonding in an anti-parallel fashion to the central ␤-sheet. Another distinguishing characteristic of Ssu72 is the length of its aspartate loop. The ␣-helix following the aspartate loop is one turn shorter in Ssu72, which allows a commensurate shortening of the aspartate loop and increases active site accessibility from the side opposite the insert subdomain.
The active site architecture of Ssu72 is very similar to LMW PTPs, providing structural support for a common mechanism of dephosphorylation. Fig. 1, D and E, show a close-up view of phosphate binding for the Ssu72-pCTD complex and the LMW PTP Lpt1-p-nitrophenyl phosphate complex (33) . The conformations of active site loops in these structures are nearly identical, with the backbone amide groups forming a series of hydrogen bonds to the substrate phosphate group and the guanidinium group of the catalytic arginine extending this hydrogen bonding to form a complete circle. Despite the different length of aspartate loops, the positions of the catalytic aspartate side chains (D144N in the Ssu72 structure) are very similar. Although the carboxylate of the Lpt1 aspartate is turned away from the active site, presumably due to electrostatic repulsion with the substrate phosphate group, in the Ssu72 structure, the catalytic D144N side chain is pointed toward the phosphate. Another difference between the active sites is the position of the substrate phosphate. In the Lpt1 structure, the catalytic cysteine is mutated to alanine, and this loss of negative charge allows the phosphate to bind deeper in the active site, close to the position predicted for the phosphoenzyme intermediate (33) , whereas the phosphate group in the Ssu72 structure is held ϳ0.7 Å higher by the negative charge of the C13D side chain.
Ssu72 Recognizes a cis-Proline Substrate-The electron density for the pCTD peptide is excellent and extends almost completely through both termini ( Fig. 2A) . While the substrate phosphate group is anchored in the active site with strong hydrogen bonds, the insert subdomain creates a deep and narrow recognition cleft that forces the C-terminal end of the CTD to extend away immediately from the phosphate in a nearly opposite direction. This constrained conformation is made possible by a cis isomer of the Ser(P) 5 -Pro 6 peptide bond ( ϭ Ϫ2.42°) that provides an abrupt turn in the substrate backbone. The uniqueness of the cis-Ser(P) 5 -Pro 6 isomer and its pronounced effect on the substrate conformation are readily apparent by comparison with the structure of Ser(P) 5 CTD bound to the CTD phosphatase Scp1 (PDB code 2GHT) in Fig. 2, C and D (34) . In the Scp1 complex, the trans isomer of the Ser(P) 5 -Pro 6 bond provides an extended backbone configuration, in contrast to the sharp kink produced by the cis-Ser(P) 5 -Pro 6 isomer. To achieve its unusual isomeric specificity, Ssu72 must stabilize the high energy cis-proline substrate conformation (Fig.  2B) . This is accomplished in part by facilitating the formation (35), causing a reorientation of the loop between the two ␤-strands of the insert subdomain in the complex when compared with the apo structure (supplemental Fig. S2 ).
Ess1-catalyzed Proline Isomerization Stimulates Ssu72
Activity-A previous study of peptides with Ser(P)-Pro motifs showed that the cis isomer is less favored than the trans form, with populations of 12-20% depending on the adjacent residues (7) . Similar work with a Ser(P) 2 CTD peptide reported a cis population under 30% for the Ser(P) 2 -Pro 3 isomer (8). Although these results suggest that phosphorylation of the Ser 5 -Pro 6 CTD motif is unlikely to change the minority status of the cis isomer, no direct measurements have been reported. To address this point, we measured the fractions of cis-and trans-Ser(P) 5 -Pro 6 in our substrate, a synthetic peptide with the sequence Ac-PTpSPSYS-NH 2 (where the pS indicates Ser(P)), which is the same peptide used for crystallization. A natural abundance 13 C-heteronuclear single quantum correlation spectrum shows two sets of signals for each proline C␤ and C␥ atom, corresponding to the cis and trans forms (Fig.  3A) . However, the substrate peptide contains 2 prolines, making it difficult to unambiguously assign peaks to the Pro 3 and Pro 6 residues. By collecting the same experiment with a shorter peptide containing only the Pro 6 residue (Fig. 3B ), we were able to assign the Pro 6 resonances and readily map them to the longer peptide. Populations were calculated using the average ratio of cis and trans peak volumes for the Pro 6 C␤ and C␥ atoms. This gave a fractional population of 12.4% for the cis isomer, verifying that the Ser(P) 5 -Pro 6 motif is predominantly in the trans configuration.
Given that Ssu72 recognizes the minor population of cisSer(P) 5 -Pro 6 isomers, the extremely slow interconversion of cis-trans-proline (s Ϫ1 ) may present a rate-limiting step for dephosphorylation. To test this possibility, we examined the effect of catalyzed proline isomerization on Ssu72 activity. Reactions were monitored by measuring phosphate release with a Malachite Green-based assay. In a reaction with 60 M pCTD and 4 M WT dSsu72, less than half of the input substrate was dephosphorylated in 5 min (Fig. 4A) . To speed the interconversion of proline isomers, we added increasing amounts of Ess1, a CTD proline isomerase that acts on Ser(P) 5 -Pro 6 motifs. Ess1 significantly stimulated the activity of Ssu72, with a 2 M Ess1 concentration causing an ϳ2-fold increase in reaction completion over 5 min. The increase in Ssu72 activity was saturable (Fig. 4B) , and a concentration of 10 M Ess1 was sufficient to maximize the completion percentage at all time points (data not shown). To ensure that Ssu72 was capable of completely dephosphorylating the pCTD substrate in the absence of Ess1, we followed the reaction without Ess1 over the course of 25 min (Fig. 4C) , which showed that ϳ90% of substrate is dephosphorylated in 20 min, 4-fold slower than the reaction with 2 M Ess1. This behavior implies a kinetic effect on dephosphorylation, with Ess1-catalyzed isomerization improving the availability of cis-proline substrate for Ssu72 until the rate of isomer interconversion exceeds the rate of pCTD dephosphorylation.
To confirm that catalyzed isomerization is the cause of Ssu72 stimulation, we performed identical experiments with four catalytically impaired Ess1 mutants. Three of these mutations are in the catalytic domain of Ess1 (C120S, S122P, and H164R), whereas the fourth disrupts phosphate binding in the WW domain (K68A). All four mutations significantly decreased the enhancement of Ssu72 activity (Fig. 4D) . To ensure that this result is not caused by reduced thermostability, we measured melting temperatures for each Ess1 mutant by circular dichroism (data not shown). Only the H164R mutation caused a large decrease in stability (melting temperature of 32°C) that may contribute to its impaired stimulation. Together, these studies demonstrate that Ess1 enhances Ssu72 activity by catalyzing proline isomerization of the pCTD substrate.
Finally, to evaluate the effect of Ess1 on Ssu72 activity toward its natural substrate, we performed in vitro reactions using the full-length, 26-repeat CTD from S. cerevisiae. A GST-S. cerevisiae CTD-His fusion construct was hyperphosphorylated with the yeast CTD kinase CTDK-1 (36), and dephosphorylation by Ssu72 was monitored by measuring substrate depletion with a Ser(P) 5 -specific antibody in reactions with and without 100 M Ess1 (Fig. 4, E and F) . As in the reactions with synthetic pCTD substrate, Ess1 greatly facilitates dephosphorylation by Ssu72, decreasing the time required to reach ϳ90% completion by 20-fold (from 20 to 1 min). (43) . pS5, Ser(P) 5 . C, carbon; HC, proton.
DISCUSSION
Ssu72 as a New Family of LMW Phosphatases-The CTD phosphatase Ssu72 is an intriguing enzyme. Despite being built on the scaffold of a protein tyrosine phosphatase, its activity is directed at phosphorylated serine residues in the 5th position of the CTD heptad, with isomeric specificity for the cis configuration of the Ser(P) 5 -Pro 6 peptide bond. Our complex structure also suggests a conserved catalytic mechanism, which agrees well with prior kinetic studies (17) . Of the two additions to the LMW PTP scaffold, the insert subdomain plays a major role in the unique substrate specificity of Ssu72, contributing nearly all of the residues that form the nonphosphate substrate recognition surface and severely restricting access to the active site. Very recently, Xiang et al. (37) reported a crystal structure of human Ssu72 in complex with pCTD substrate and symplekin (homologous to Pta1 in yeast), a scaffold protein in the cleavage and polyadenylation complex, which shows that the C-terminal extension of Ssu72 forms the symplekin-binding site. The Ssu72 fold, pCTD conformation, and effect of catalyzed proline isomerization on dephosphorylation are consistent with the data presented in this study.
Substrate Specificity of Ssu72-Prior kinetic work on Ssu72 has demonstrated a strict specificity for the Ser(P) 5 position of the CTD heptad (15, 32) , in contrast to CTD phosphatases Scp1 and Fcp1, which have only preferential activity for Ser(P) 5 and Ser(P) 2 , respectively (38, 39) . Interestingly, both potential sites are Ser(P)-Pro motifs, meaning that 2 of the 4 FIGURE 4. Ess1 stimulates pCTD dephosphorylation by Ssu72. A, the activity of Ssu72 was monitored with various concentrations of the proline isomerase Ess1. The maximum stimulation was ϳ2-fold under these conditions. In A-D, each point represents the average from three independent reactions, and error bars denote S.D. B, Ess1 enhancement of Ssu72 activity is saturable. The last points of the reactions in A are plotted versus Ess1 concentration, with black circles representing reactions omitted from A for clarity. C, pCTD dephosphorylation by Ssu72 reaches completion without Ess1. The no Ess1 reaction in A was monitored over 25 min and reached ϳ90% completion in 20 min, 4-fold slower than the reaction with 2 M Ess1. D, four catalytically impaired Ess1 mutants fail to significantly stimulate Ssu72. Reactions contained 1 M of each Ess1 protein. Residual enhancement corresponds to a 50 -100-fold reduction of WT Ess1 activity (compare with A). E and F, Ess1 stimulates Ssu72 dephosphorylation of full-length pCTD. The 26-repeat S. cerevisiae CTD was hyperphosphorylated in vitro and used as a substrate in reactions monitored by Western blotting with Ser(P) 5 (S5P)-specific antibodies. As a control, Ser(P) 2 (S2P) levels were also measured; the apparent increase in the S2 signal is likely due to a higher affinity of the S2 antibody for singly phosphorylated Ser(P) 2 heptads over doubly phosphorylated Ser(P) 2 /Ser(P) 5 heptads, as reported for other Ser(P) 2 -specific antibodies (44) . Ser(P) 5 CTD levels were quantified with infrared imaging, and the resulting substrate depletion curves are shown in F. Each point represents the average of three independent reactions, and error bars denote S.D.
residues recognized by Ssu72 are identical in the Ser(P) 2 and Ser(P) 5 substrates. Therefore, discrimination must be based on the Thr 4 and distal Tyr 1 positions. For a Ser(P) 2 substrate, the Tyr 1 position would be substituted by serine, causing a decrease in binding energy from the loss of the aromatic amide stacking interaction. However, the Thr 4 position is likely the more important determinant of substrate specificity. The Thr 4 residue would be replaced by tyrosine in a Ser(P) 2 substrate, which would disrupt substrate recognition in two major ways. First, the favorable hydrophobic interactions with the insert subdomain would be lost, and the accommodation of the large phenol group would require a significant reconfiguration of the substrate backbone to prevent steric clashes. Second, this substrate would be unable to replicate the intramolecular hydrogen bond we observe between the Thr 4 hydroxyl and the Pro 6 backbone carbonyl, making the already unfavorable cis conformation even less energetically stable.
Although the exact degree of isomeric specificity of Ssu72 is unclear, our structural and kinetic studies demonstrate a strong preference for the cis-Ser(P) 5 -Pro 6 conformation. First, modeling the trans-Ser(P) 5 -Pro 6 isomer in the Ssu72-pCTD complex structure leads to large steric clashes between the pCTD backbone and the side chains of the C-terminal ␣-helix of the insert subdomain. Also, if the activity toward cis and trans isomers were comparable, there would be no stimulation of dephosphorylation by Ess1. Finally, additional support for strong cis-proline specificity comes from a kinetic study that measured activity toward a set of Ser(P) 5 CTD substrates with an alanine substitution at each heptad position (32) . These experiments showed that CTD positions Thr 4 , Pro 6 , and Tyr 1 of the following heptad were critical for substrate recognition, a result that is consistent with the intermolecular contacts in our complex structure. Importantly, the largest decrease in Ssu72 activity was observed with the P6A mutant substrate, an ϳ30-fold reduction when compared with wild type. This likely reflects not only the loss of binding energy for the proline ring but also the reduced propensity of the Ser(P) 5 -Ala 6 peptide bond to adopt a cis configuration. Regulation of Isomer-specific Enzymes-To the best of our knowledge, Ssu72 is the first example of an enzyme with specificity for the cis isomer of proline. Isomeric specificity for trans-Ser(P)-Pro motifs has been previously established for two enzymes. The serine/threonine phosphatase PP2A dephosphorylates trans-Ser(P)-Pro motifs in its substrate Cdc25C and Tau proteins and shows increased activity in reactions that include Pin1 (40) . Likewise, the serine/threonine kinase ERK2 phosphorylates trans-Ser-Pro motifs in the RNase T1 substrate and is also stimulated by proline isomerase activity (41) . Importantly, catalyzed proline isomerization only increases the activity of these trans-specific enzymes toward Ser(P)-Pro motifs that adopt the cis conformation in the structure of their protein. is enhanced by the addition of peptidyl prolyl isomerases. This illustrates a crucial point: catalyzed proline isomerization is an effective regulatory mechanism of phosphorylation/dephosphorylation only when the target motif exists predominantly in the opposite isomeric configuration required for catalysis. In this case, the isomer-specific enzyme can only process a small fraction of the total substrate, and the extremely slow, uncatalyzed cis-trans isomerization prevents re-equilibration of the nonprocessed fraction. In the opposite scenario, the majority of substrate is already in the correct isomeric form and can be readily processed, with catalyzed proline isomerization having little influence.
The effect of proline isomerization on CTD-associated activities depends greatly on the CTD conformation during the transcription cycle. All structural studies of CTD-binding proteins have revealed binding that is, in fact, isomer-specific but preferential for trans-Ser(P)-Pro motifs. In the case of Pcf11, the CTD-interacting domain discriminates in favor of 3 consecutive trans-prolines, including one Ser(P) 2 -Pro 3 motif (8). In the structure of CTD phosphatase Scp1 in complex with Ser(P) 2 /Ser(P) 5 CTD, both the Ser(P) 2 -Pro 3 and the Ser(P) 5 -Pro 6 motifs adopt the trans configuration, with binding to either cis form seemingly prevented by steric clashes (34) . For both of these proteins, the regulation of binding or catalysis by proline isomerization would demand a CTD conformation with a minority trans population. This is especially true for non-enzymatic proteins such as Pcf11, which may only require one correctly configured binding site out of dozens of CTD repeats. However, our measurements with a Ser(P) 5 CTD peptide and prior work with a Ser(P) 2 CTD peptide (8) show that cis-proline is the less populated isomer. Given the lack of evidence for any stable full-length CTD structure, it seems likely that cis-prolines constitute the isomeric minority in vivo as well and that proteins with specific recognition of cis-proline are the major targets of regulation by isomerization.
The timescale of transcriptional events is another critical determinant of the effect of Ess1 on CTD-associated activities. We observed only an ϳ2-fold enhancement of Ssu72-catalyzed product accumulation in reactions with synthetic pCTD substrate as a significant amount of non-catalyzed proline isomerization occurs over the course of the 5-min reactions. A similar level of stimulation was reported for the PP2A phosphatase described above in reactions on the same timescale (40) . However, at a faster timescale, the effect of Ess1 on Ssu72 activity is greater, as shown in supplemental Fig. S3 in  1 .25-min reactions monitored at 15-s increments. Although the exact in vivo timescale of Ssu72 activity is unknown, the effect of impaired Ess1 activity on Nrd1 localization and Pcf11 recruitment is largely confined to the 3Ј-end of genes (28) , suggesting that Ser(P) 5 CTD dephosphorylation by Ssu72 occurs mainly during termination, which may take only tens of seconds (42) . This scenario is well illustrated by the kinetic assays with full-length pCTD in Fig. 4 , E and F, where the reaction without Ess1 takes 20 min to dephosphorylate ϳ90% of the initial pCTD substrate. In contrast, the reaction with Ess1 reaches ϳ90% completion in 1 min, on par with the estimated timescale of transcription termination.
A Revised Model for Ess1-regulated Ssu72 Activity-Our kinetic experiments provide an excellent interpretation of recent in vivo studies of Ess1 (28, 29) . We show that the stimulation of Ssu72 activity by Ess1-catalyzed cis-trans intercon-version of Ser(P) 5 -Pro 6 motifs in the CTD heptad is severely reduced with catalytically impaired Ess1 mutants, which explains the in vivo accumulation of Ser(P) 5 CTD in ess1 cells. Interestingly, overexpression of Ssu72 suppressed this phenotype in an A144T ess1 strain, but not an H164R ess1 strain (29) . It is possible that different levels of residual activity or thermostability of the Ess1 mutants are responsible for this discrepancy. In contrast, overexpression of Ssu72 rescues the temperature sensitivity of both ess1 strains (29) , suggesting that improper regulation of CTD phosphorylation is the main cause of this phenotype. As described in the Introduction, the proposed proline isomer-based regulatory scheme that explains these results requires trans specific activity by Ssu72 (28, 29) . Our results compel a simple but unexpected adjustment of this model: reversing the isomeric specificity of Ssu72 (Fig. 5) . Interestingly, genetic evidence suggests that this model may be partially bypassed by overexpression of Ser(P) 5 CTD phosphatase Fcp1 in yeast (16) .
Implications of Proline Isomerization in CTD BiologySsu72 provides an exciting validation of proline isomers as a critical component of the CTD code but also raises many new questions about how this regulatory mechanism operates. For example, it is unclear whether the regulation of Ssu72 is a general property of RNAPII transcription or a gene-specific one. Although impaired Ess1 and Ssu72 activity causes readthrough transcription of a small subset of genes consisting mainly of snRNA that undergo Nrd1-dependent termination (16, 28) , it is possible this phenotype is only apparent for short transcripts that require a sudden drop in Ser(P) 5 levels for proper termination. It will also be interesting to see what other CTD-binding partners specifically recognize cis-proline and how their functions are regulated by catalyzed isomerization. Although these proteins may only regulate the CTD phosphorylation state, there may also be non-enzymatic CTD-binding factors with cis-proline recognition whose association with the transcribing polymerase is regulated by Ess1/ Pin1 to fine-tune the recruitment of their co-transcriptional activities.
